Objective-Junctional adhesion molecule-C (JAM-C) is an adhesion molecule that has multiple roles in inflammation and vascular biology, but many aspects of its functions under pathological conditions are unknown. Here we investigated the role of JAM-C in leukocyte migration in response to ischemia reperfusion (I/R) injury. Methods and Results-Pretreatment of mice with soluble JAM-C (sJAM-C), used as a pharmacological blocker of JAM-C-mediated reactions, significantly suppressed leukocyte migration in models of kidney and cremaster muscle I/R injury (39 and 51% inhibition, respectively). Furthermore, in the cremaster muscle model (studied by intravital microscopy), both leukocyte adhesion and transmigration were suppressed in JAM-C-deficient mice (JAM-C Ϫ/Ϫ ) and enhanced in mice overexpressing JAM-C in their endothelial cells (ECs). Analysis of JAM-C subcellular expression by immunoelectron microscopy indicated that in I/R-injured tissues, EC JAM-C was redistributed from cytoplasmic vesicles and EC junctional sites to nonjunctional plasma membranes, a response that may account for the role of JAM-C in both leukocyte adhesion and transmigration under conditions of I/R injury. 
L eukocyte migration into inflamed tissues is a characteristic feature of inflammatory disorders, including numerous cardiovascular conditions such as atherosclerosis, myocardial infarction, and stroke. This response involves a cascade of cellular and molecular events that have culminated in the paradigm of the leukocyte adhesion cascade. 1 The final step in this process involves leukocyte migration through endothelial cells (ECs) which can occur via both para-or transcellular routes, and the subsequent breaching of the basement membrane underlying ECs and embedding pericytes. 1 Leukocyte transendothelial cell migration involves a number of adhesion molecules, the expression of which is highly concentrated at junctions between adjacent ECs. These molecules include PECAM-1, ICAM-2, CD99, ESAM, and members of the junctional adhesion molecule (JAM) family. [1] [2] [3] Our understanding of the roles, mechanisms of action, and potential interactions of these molecules has significantly enhanced in recent years, but many aspects of their functions in particular under in vivo pathological conditions remains unclear.
JAMs are members of an immunoglobulin subfamily, currently composed of JAM-A, -B, -C, JAM-4, ESAM (EC-selective adhesion molecule), and CAR (coxsackie virus and adenovirus receptor) that localize to cell-cell contacts and are specifically enriched at tight junctions with some being directly implicated in leukocyte transendothelial cell migration. 3 Among these molecules, JAM-C is unique in terms of its broad expression and functional profile. Specifically, JAM-C expression has been reported on ECs, spermatids, intestinal epithelial cells, smooth muscle cells, fibroblasts, and has recently been detected on Schwann cells in the peripheral nervous system. 4 -11 Furthermore, in humans, JAM-C is expressed on platelets and lymphocytes, whereas murine hematopoietic cells only express JAM-C during early development. 4, [12] [13] [14] [15] [16] Because of this wide expression pattern, JAM-C has been implicated in numerous events such as leukocyte trafficking, regulation of cell polarity, vascular permeability, and angiogenesis and appears to be critical in maintaining the integrity of the myelin sheath and the function of peripheral nerves. 3, 5, 6, 10, [17] [18] [19] A number of ligands have been reported for JAM-C, namely JAM-C, JAM-B, and Mac-1, 3, 17 although their contributions in the diverse functions of JAM-C remains unclear.
The functional role of JAM-C has largely been investigated using in vitro models of cell-cell interactions, 8, 11, 13, 20 but more recently a growing body of in vivo studies have demonstrated a significant role for this molecule in inflammatory and vascular events. 7, 12, 18, [21] [22] [23] Despite these findings, however, many aspects of the role(s) of JAM-C remain unknown, in particular its role in different stages of the leukocyte adhesion cascade and regulation of expression under in vivo pathological conditions. In the present study we have investigated the functional role of JAM-C in leukocyte migration in two murine models of I/R injury, namely I/R injury in the kidney and the cremaster muscle, the latter being investigated by intravital microscopy (IVM). The role of JAM-C was investigated in these models using both a pharmacological blocker of JAM-C (soluble JAM-C; sJAM-C) and genetically modified mice deficient in JAM-C or selectively overexpressing JAM-C in their ECs. 6, 12 Collectively, the findings demonstrate a role for JAM-C in leukocyte infiltration as elicited by I/R injury and indicate that JAM-C can support this response by mediating both leukocyte adhesion and transmigration, two distinct phases of the leukocyte adhesion cascade. Furthermore, analysis of venules by immunoelectron microscopy (IEM) detected for the first time the expression of JAM-C in EC intracellular vesicles in vivo and indicated that I/R injury can lead to redistribution of JAM-C within ECs, most notably from EC junctions and intracellular vesicles to EC nonjunctional membrane sites. The findings provide novel insights into the role and mechanism of action of JAM-C and highlight a potentially novel mechanism through which regulated expression of JAM-C may mediate different phases of leukocyte-vessel wall interactions under pathological inflammatory conditions.
Methods
Mouse strains used were C57BL/6 (WT), JAM-C Ϫ/Ϫ , and mice overexpressing JAM-C in their ECs (EC JAM-C transgenics). 6, 12 Mice were purchased from Harlan-Olse, Bicester, UK or Charles River, Margate, UK. Analysis of JAM-C and PECAM-1 expression in murine tissues was performed by immunofluorescence staining and confocal microscopy. Mice pretreated with flag-tagged sJAM-C (3 mg/kg, i.v.) or a control molecule (flag-tag peptide or soluble fibronectin) were subjected to I/R injury. In the renal I/R injury model (30 minutes/24 hours), leukocyte infiltration into the kidneys was quantified by immunofluorescence and immunohistochemistry. Leukocyte adhesion and transmigration responses in mouse cremasteric venules as elicited by I/R injury (30 minutes/2 hours) was studied by IVM using WT mice (pretreated with a control molecule or sJAM-C), JAM-C Ϫ/Ϫ , and EC JAM-C transgenic mice, as compared with relevant controls. The expression level of different adhesion molecules was investigated in blood cells from JAM-C 
Results

JAM-C Is Expressed in the Vasculature of Multiple Organs in Mice
As JAM-C protein expression has not been investigated in a systematic manner in murine tissues, initial studies aimed to address this point by immunofluorescence staining and confocal microscopy. In all tissues studied (heart, lung, liver, spleen, kidney, lymph nodes, small intestine, and cremaster muscle), JAM-C expression was closely associated with the EC marker PECAM-1, although the extent of colocalization varied between different organs ( Figure 1) . Please see the supplemental materials for more details. As strong vascular expression of JAM-C was noted in kidneys and the cremaster muscle, these organs were analyzed for the functional role of JAM-C under conditions of I/R injury.
Soluble JAM-C Inhibits Leukocyte Infiltration in Models of Kidney and Cremaster Muscle I/R Injury
The role of JAM-C in leukocyte migration in two models of I/R injury, kidney and cremaster muscle, was investigated using sJAM-C as a pharmacological blocker of JAM-Cmediated responses. 12, 23 In the kidney model, a significant leukocyte infiltration was noted in mice subjected to I/R injury as compared to sham-operated mice. In this model, the infiltrating leukocytes consisted of both neutrophils and monocytes/macrophages, though the latter appeared to form a minority population (Ϸ1:4 ratio of CD68 ϩ cells [monocyte/ macrophage] to GR1 ϩ cells [neutrophils and GR1 ϩ inflammatory monocytes]; Figure 2A and supplemental Figure I ). Pretreatment of mice with sJAM-C (3 mg/kg, i.v.), but not a flag control peptide, significantly suppressed the infiltration of both GR1 ϩ and CD68 ϩ cells into inflamed kidneys (37% and 55% inhibition, respectively), suggesting a role for JAM-C in both neutrophil and monocyte migration in this model. To investigate the stage in the leukocyte adhesion cascade mediated by JAM-C under conditions of I/R injury, the role of JAM-C in leukocyte migration was also investigated in real time by IVM 24 in the mouse cremaster muscle.
In the I/R injury of the cremaster muscle, after a 30-minute ischemia period, leukocyte-vessel wall interactions were observed by IVM during a 2-hour reperfusion period. In this model, leukocyte adhesion to and extravasation through venular walls increased in a time-dependent manner over the 2-hour reperfusion period, as compared to sham-operated animals. In mice pretreated with sJAM-C a marked reduction in leukocyte adhesion was noted ( Figure 2B , left), which was associated with a significant suppression of leukocyte transmigration, as compared to mice receiving a flag-control peptide (51% inhibition at 120 minutes reperfusion time; Figure 2B , right). Fibronectin, used as a control soluble protein, had no significant effect on leukocyte adhesion or transmigration as compared to responses obtained in flagcontrol peptide-treated mice (not shown). These results demonstrate that sJAM-C suppresses leukocyte migration in the kidney and cremaster muscle models of I/R injury, indicating a role for JAM-C in this inflammatory scenario.
JAM-C ؊/؊ Mice Exhibit Reduced Leukocyte Adhesion and Transmigration in Cremasteric Venules as Induced by I/R Injury
To further investigate the role of JAM-C in regulating leukocyte-vessel wall interaction, the response of JAM-C Ϫ/Ϫ mice to I/R injury was studied by IVM in the cremaster muscle. Initially, some characterization of these mice was performed. Figure 3A shows the EC junctional colocalization of JAM-C with the EC marker PECAM-1 in WT cremasteric venules and its lack of expression in JAM-C Ϫ/Ϫ mice. The expression of PECAM-1 and other EC adhesion molecules such as VE-Cadherin and ICAM-1 appeared normal in JAM-C Ϫ/Ϫ mice ( Figure 3A and not shown). In addition, flow cytometry analysis revealed that the expression of key leukocyte adhesion molecules (PECAM-1, ICAM-2, Mac-1, L-selectin, and ␣ 4 integrins) on blood neutrophils, monocytes (inflammatory and noninflammatory), and lymphocytes was normal in JAM-C Ϫ/Ϫ mice (data not shown). Finally, as this is the first reported IVM study on JAM-C Ϫ/Ϫ mice, some hematologic parameters were also quantified (supplemental Table I ), which showed elevated circulating leukocyte number in JAM-C Ϫ/Ϫ mice in line with previous reports, 7 whereas no differences in mean arterial blood pressure was noted between WT, JAM-C Ϫ/Ϫ , JAM-C ϩ/Ϫ , and EC JAM-C transgenic mice. In the cremaster muscle I/R injury model, JAM-C Ϫ/Ϫ mice exhibited a significantly reduced leukocyte adhesion (88% inhibition at 40 minutes reperfusion) and extravasation (66% inhibition at 120 minutes reperfusion) response as compared to their littermate JAM-C ϩ/Ϫ control mice ( Figure 3B ), findings that are in line with the results obtained under conditions of pharmacological blockade of JAM-C with 
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sJAM-C ( Figure 2B ). Of relevance, no differences in leukocyte responses were noted between JAM-C ϩ/Ϫ mice and WT animals (not shown). Because the inhibitory effect noted in the JAM-C Ϫ/Ϫ may have been caused by defects in either leukocyte or EC functions, preliminary cell transfer experiments were performed to address this issue. Briefly, calceinlabeled JAM-C Ϫ/Ϫ leukocytes injected into WT recipients responded in the same manner as WT leukocytes, whereas fluorescently-labeled control leukocytes (from WT or JAM-C ϩ/Ϫ mice) injected into JAM-C Ϫ/Ϫ recipients exhibited a reduced transmigration response (81% inhibition at 120 minutes reperfusion; not shown). Collectively these data provide the first indication that EC JAM-C plays a key role in mediating leukocyte adhesion and extravasation in vivo. To further address this point, I/R injury was assessed in mice overexpressing JAM-C in their ECs.
Transgenic Mice Overexpressing JAM-C in ECs Exhibit Enhanced Leukocyte Adhesion and Transmigration in Response to I/R Injury
To extend the findings above, the cremaster muscle model was used to study I/R injury in mice overexpressing JAM-C in their ECs (EC JAM-C transgenic). 12 Confocal microscopy studies revealed that these mice exhibited an overall enhanced expression of JAM-C in ECs (not shown) as previously reported. 12 Interestingly, in a small number of tissue samples (ϷϽ1%), some ECs (in both venules and arterioles) exhibited a "patchy" expression profile of JAM-C where the distribution of the molecule was very different to that seen in WT mice (compare Figures 3A and 4A) . Specifically, whereas in WT tissues JAM-C expression appeared to be largely localized at EC junctions, in some vessels of the transgenic mice JAM-C was detected both at EC junctions and also showing a strong apical/cytoplasmic expression. Of relevance the expression of other molecules under the control of this promoter has been reported to be unevenly distributed or patchy. 25 The EC JAM-C transgenic mice exhibited a consistently higher level of leukocyte adhesion and extravasation in cremasteric venules (eg, 62% increase at 120 minutes reperfusion; Figure 4B ) as compared to WT littermate controls in response to I/R injury. These results together with the findings of studies using sJAM-C and JAM-C Ϫ/Ϫ mice demonstrate that in this inflammatory scenario, EC JAM-C can support both leukocyte adhesion and transmigration. To gain a better understanding of the expression and regulation of expression of EC JAM-C under conditions of I/R injury, JAM-C subcellular localization was studied in cremaster muscle tissues by IEM.
I/R Injury Promotes JAM-C Redistribution in ECs In Vivo
Our immunofluorescent and confocal microscopy studies in WT animals indicated the EC JAM-C expression to be predominantly junctional (Figures 1 and 3A) , in line with previous reports. 5 More recent studies have also reported on the intracellular expression of JAM-C in cultured microvascular (HDMECs) and macrovascular (HUVECs) ECs. 19, 26 To investigate the expression profile of EC JAM-C in vivo and more importantly to assess how this may be regulated under conditions of I/R injury, JAM-C expression was studied by IEM, 10, 27 an approach that allows in situ localization of JAM-C at the subcellular level. Using this technique, in control sham operated mice, JAM-C expression was noted both in ECs and in the myelin sheath of nearby nerves (not shown) as previously reported. 10 In ECs, the expression of JAM-C was mostly at junctions between adjacent cells (3.6Ϯ0.4 particles per junction, nϭ28 ECs; Figure 5Ai) with a significantly lower level of immunolabeled JAM-C being found along the nonjunctional plasma membrane of ECs (1.4Ϯ0.1 particles/field, nϭ49 ECs; Figure 5Aii ). Interestingly, JAM-C was also localized in small single membranebound cytoplasmic vesicles (56Ϯ1.8 nm diameter vesicles expressing 2.2Ϯ0.2 particles/vesicle, nϭ41; Figure 5Aiii ). These vesicles represented Ͻ1% of all EC vesicles and were found throughout the cytoplasm.
In cremaster muscles subjected to I/R injury, JAM-C was detected in the same cellular compartments but there was a clear shift in the distribution of JAM-C (PϽ0.0001 by the 2 test). Specifically, the number of particles per field of nonjunctional membrane was higher and the number of cytosolic vesicles and of junctional membrane domains immunolabeled for JAM-C was lower as compared to shamoperated tissue samples ( Figure 5B ). Hence, under conditions of I/R injury JAM-C expression in cytoplasmic vesicles was reduced by Ϸ7-fold while increasing in the nonjunctional membrane by Ϸ2.5-fold. This in vivo redistribution of JAM-C was associated with an unusually frequent presence of leukocytes in the lumen of the vessels (not shown). Collectively, the present results provide the first in vivo indication for redistribution of JAM-C from EC junctional sites and intracellular compartments toward the plasma membrane under inflammatory conditions, demonstrating the existence of a novel regulatory mechanism for relocalization and hence function of EC JAM-C in vivo.
Discussion
JAM-C is a relatively new addition to the growing number of EC junctional adhesion molecules implicated in leukocyte trafficking, 3, 12, 17, 20, 23 and as such many aspects of its mechanism of action, in particular within in vivo pathological scenarios, remain unknown. Here we provide evidence for the involvement of JAM-C in leukocyte infiltration as elicited by I/R injury and demonstrate that in mediating this response, JAM-C can support both leukocyte adhesion and transmigration, two distinct phases of the leukocyte adhesion cascade. Furthermore, the study reports on the in vivo existence of EC vesicular stores of JAM-C that are redistributed to the plasma membrane in response to I/R, providing a novel regulatory mechanism for EC JAM-C function in vivo.
JAM-C is expressed by multiple cell types such as ECs, leukocytes, Schwann cells, spermatids, and intestinal epithelial cells 4 -7,9 -11 and is expressed in the vasculature of most organs investigated at mRNA level 28 and at protein level, as demonstrated in the present study. Specifically, in murine tissues, JAM-C was detected at a high expression level in HEVs of lumbar lymph nodes, in line with previous reports, 5, 28 and was also detected in the vasculature of the heart, lungs, liver, spleen, kidneys, the small intestine, and cremas- ter muscle in close association with that of PECAM-1. The broad cellular and tissue distribution of JAM-C suggests a role for this molecule in multiple essential biological functions, as illustrated by the diverse and severe defects (eg, immune-deficiency, growth retardation, and neurological and reproductive defects) exhibited by JAM-C-deficient mice. 6, 7, 10 JAM-C has also been implicated in the pathogenesis of numerous inflammatory and cardiovascular conditions such as arthritis, acute pancreatitis, peritonitis, pulmonary inflammation, and atherosclerosis as largely investigated using murine disease models. 7, 8, 21, 23, 29 The aim of the present studies was to further investigate the role of JAM-C under pathological cardiovascular conditions by investigating its involvement in leukocyte infiltration as induced by I/R injury. For this purpose, two murine models were used, namely I/R injury in the kidney and in the cremaster muscle, the latter being studied in real-time by IVM. The functional role of JAM-C was investigated here using both a pharmacological blocker of JAM-C, sJAM-C, and genetically modified mice lacking JAM-C (JAM-C Ϫ/Ϫ ) or overexpressing JAM-C in their ECs (EC JAM-C transgenic). 5, 6, 12, 27 Treatment of mice with i.v. sJAM-C resulted in a significant suppression of leukocyte infiltration (both neutrophils and monocytes) into kidneys subjected to I/R injury. Analysis of leukocyte-vessel wall interactions in the cremaster muscle model by IVM showed that sJAM-C could suppress leukocyte adhesion and extravasation in response to I/R injury. These results were in line with findings in JAM-C Ϫ/Ϫ mice where a significant suppression of leukocyte adhesion and extravasation was observed under conditions of I/R injury. Overall, the findings suggest that the noted suppression of leukocyte extravasation under conditions of pharmacological or genetic deletion of JAM-C may be at least partly attributable to reduced leukocyte adhesion. As murine circulating leukocytes are reported not to express JAM-C, 12, 16 the results are likely to be caused by loss of function of endothelial JAM-C. In agreement with this hypothesis, studies performed using a cell transfer technique demonstrated that vascular (but not leukocyte) JAM-C deficiency lead to suppression of leukocyte-vessel wall interactions. In addition, EC JAM-C transgenic mice exhibit consistently higher levels of leukocyte adhesion and a significantly enhanced leukocyte extravasation response as induced by I/R injury.
Because JAM-C is largely expressed at EC junctions and has to date been heavily implicated in leukocyte transendothelial cell migration, identifying a role for JAM-C in leukocyte adhesion in vivo was of interest. We hypothesized that JAM-C may mediate leukocyte adhesion, an earlier step in the leukocyte adhesion cascade that is prerequisite to leukocyte transendothelial cell migration, under conditions where JAM-C is enhanced on the luminal surface of the endothelium. In this context, a number of in vitro studies have demonstrated enhanced expression of EC junctional molecules on nonjunctional regions. Specifically, nonjunctional expression of PECAM-1 and JAM-A on cultured ECs has been shown to be enhanced by certain cytokine combinations. 30, 31 More recently, Keiper et al found that cultured ECs stimulated with oxidized LDL can support enhanced monocyte adhesion in a manner that is partly JAM-C-dependent and appears to be associated with enhanced expression of JAM-C on ECs at nonjunctional sites. 8 A similar phenomenon was also observed under conditions of blocking JAM-B-JAM-C interactions. 27 To explore the potential mechanisms that may account for JAM-C-mediated leukocyte adhesion, the subcellular expression and localization of EC JAM-C was studied in cremaster muscles by IEM. The findings identified JAM-C in three distinct EC regions, junctional membrane, nonjunctional membrane, and an intracellular vesicular store of JAM-C. Although representing a small proportion of EC vesicles, the latter novel finding may provide mechanistic insights to regulation of expression and function of JAM-C under different inflammatory conditions. Indeed, comparison of tissues from control and I/R injured mice showed a clear redistribution of JAM-C from junctional and vesicular domains to nonjunctional regions, a finding that could well account for JAM-C-mediated leukocyte adhesion under conditions of I/R injury. Such a redistribution may provide a means of enhancing leukocyte-vessel wall interaction within the vascular lumen, possibly via JAM-C-Mac-1 interactions. 27 In addition, increased luminal expression of JAM-C may promote migration of leukocytes to EC junctions through increased intravascular crawling, a response that appears to support efficient leukocyte transmigration and is reportedly Mac-1-dependent, 32 as well as by creating an adhesive haptotactic gradient that guides luminal leukocytes to EC junctions. Of relevance, in humans, vascular expression of JAM-C appears to be enhanced under certain inflammatory disease conditions such as atherosclerosis and rheumatoid arthritis, 8, 29 though the associated mechanisms are unknown, highlighting the need for a better understanding of the molecular events that regulate JAM-C expression under different disease conditions.
Collectively, the present results show a role for JAM-C in leukocyte adhesion and transmigration in response to I/R injury and demonstrate the redistribution of EC JAM-C during this vascular insult in a manner that could potentially determine the functional role of JAM-C.
